and in the presence of the channel blocker gentamicin (white). Statistical significance was estimated by a Student t test (**, P < 0.01; ***, P < 0.001).
Human skeletal muscle fibers express five highly conserved type-II myosin heavy chain (MyHC) genes in distinct spatial and temporal patterns. In addition, the human genome contains an intact sixth gene, MyHC-IIb, which is thought under most circumstances not to be expressed. The physiological and biochemical properties of individual muscle fibers correlate with the predominantly expressed MyHC isoform, but a functional analysis of homogenous skeletal muscle myosin isoforms has not been possible. This is due to the difficulties of separating the multiple isoforms usually coexpressed in muscle fibers, as well as the lack of an expression system that produces active recombinant type II skeletal muscle myosin. In this study we describe a mammalian muscle cell expression system and the functional analysis of all six recombinant human type II skeletal muscle myosin isoforms. The diverse biochemical activities and actin-filament velocities of these myosins indicate that they likely have distinct functions in muscle. Our data also show that ATPase activity and motility are generally correlated for human skeletal muscle myosins. The exception, MyHC-IIb, encodes a protein that is high in ATPase activity but slow in motility; this is the first functional analysis of the protein from this gene. In addition, the developmental isoforms, hypothesized to have low ATPase activity, were indistinguishable from adult-fast MyHC-IIa and the specialized MyHC-Extraocular isoform, that was predicted to be the fastest of all six isoforms but was functionally similar to the slower isoforms.
in vitro motility | recombinant myosins | skeletal myosin isoforms | actin-activated ATPase Skeletal muscle fibers have long been classified according to their physiological, morphological, biochemical, and histological characteristics as either slow/type I or fast/type II. Within each group, there is a range of contractile velocities, and these velocities tend to correlate with myofibrillar ATPase activity and the myosin isoform predominantly expressed in the fiber (1-4). Eight distinct mammalian sarcomeric Myosin Heavy Chain (MyHC) genes have been identified (5-7), and molecular techniques have allowed the characterization of myosin isoform expression profiles in single muscle fibers (8) (9) (10) . In mammals, slow/type I fibers express β-MyHC, while fast/type-II fibers express one or more of the six type II skeletal muscle myosin genes. These include the developmental MyHCs (Embryonic and Perinatal), the adult-fast MyHCs (IIa, IIb, and IId), and the specialized MyHC-Extraocular. The mammalian sarcomeric myosins are highly conserved, with between 78-98% amino acid identity (7) . The highest identity is found among paralogous myosins (>98%), while the six orthologous human skeletal fast myosins are 82-96% identical (5) . Even though these genes are highly similar, they may not serve redundant functions, as suggested by the distinct phenotypes of MyHC-IIb and -IId null mice (11, 12) .
The earliest expressed type II isoforms are MyHC-Embryonic and MyHC-Perinatal. They are first observed during early skeletal muscle development, and both decrease below detection levels shortly after birth (13, 14) . However, these genes do continue to be expressed in some specialized muscles (15) (16) (17) , and are reexpressed in regenerating and dystrophic muscles (18) . Skeletal muscles in adult mammals predominantly express MyHC-IIa, -IId, -IIb, and β-MyHC, but expression patterns differ among species and are influenced by exercise, disease, and age. The MyHCIIb isoform is highly expressed in the skeletal muscles of smaller mammals, but is not detectable in humans in which MyHC-IId predominates (19) (20) (21) . The specialized MyHC-Extraocular isoform is expressed in the extraocular (15, 22, 23) and laryngeal muscles (24) . The distinct expression profiles among highly specialized muscles, variable patterns of gene expression that correlate with scaling of body size between different species, and ability of muscle fibers to change isoform expression in response to disease and exercise, all suggest distinct functional roles for each isoform.
Myosin isotype expression has been linked to myofibrillar ATPase activity, contractile force, and unloaded contractile velocity (1, 3, 4, [25] [26] [27] [28] [29] [30] . This work has revealed that muscle fibers can display a wide range of biochemical and physiological properties, with their unloaded contractile velocities and ATPase activities increasing in order from Type-I, IIA, IID, to IIB. The ATPase activities of the developmental and the MyHC-Extraocular isoforms are less clear due to their heterogeneous expression with other isoforms. Preliminary work suggests the developmental myosins have low ATPase activities (31, 32) , while MyHCExtraocular is thought to be a very fast myosin (22, 29, 33) . All of this evidence points to the conclusion that myosin isoform expression patterns are a likely mechanism for the specialization of muscles to perform specific tasks. Moreover, the biophysical and biochemical properties of the fast skeletal myosin isoforms are likely a primary determinant of muscle fiber contractile dynamics.
While previous work has described how myosin isoform expression relates to the performance of different muscle fiber types, the conclusions from these experiments come with several caveats. First, muscle fibers are isotyped by the myosin isoform they express, but quantification of MyHC mRNA demonstrated that transcripts for several isoforms are present in a fiber, and that both isoform mRNA and protein levels can vary longitudinally along a single fiber (34) . While these isoforms may be undetectable at the resolution of SDS-PAGE, it is possible that a small percentage of another isoform may influence biochemical and biophysical experiments (35) (36) (37) . The second caveat associated with whole fiber analysis is the number of variables that may exist among fibers beyond myosin isoform expression. Skeletal muscle fibers are among the largest and most complex vertebrate cells, and variation in expression levels of any number To whom correspondence should be addressed. E-mail: leslie.leinwand@colorado.edu. of regulatory proteins associated with muscle contraction could introduce variability in single-fiber experiments (20) .
To address the lack of methodology to obtain pure isoforms from muscle, we undertook expression of the head region of myosin (subfragment-1, S1), which has been shown to be sufficient for the same F-actin-activated ATPase activity as full-length myosin and can direct in vitro motility of actin-filaments (38, 39) . S1 is frequently used as a substitute for full-length myosin in biochemical and biophysical studies (40) (41) (42) , but previous attempts to express skeletal myosin II S1 in traditional systems have yielded insoluble, nonfunctional protein, even though these systems have proven useful for expressing smooth muscle (43, 44) and nonmuscle myosins (45, 46) .
A number of recent papers have shown that Caenorhabditis elegans unc-45 is a chaperone that interacts with myosin and is required for myosin folding and sarcomere assembly (47, 48) . Two UNC-45 isoforms were later identified in mice and humans (49) , and one of these,Skeletal Muscle UNC-45, is expressed specifically in cardiac and skeletal muscle. Based on these observations, we developed a muscle cell expression system that produces active recombinant human skeletal muscle myosin II S1. We then measured several kinetic and biophysical properties of these myosins that show significant functional differences among the highly related human skeletal muscle myosin II isoforms. These data demonstrate that some previous assumptions about enzymatic activities of myosin isoforms are not correct. For example, the developmental isoforms are not slower than all adult-fast isoforms, and the extraocular isoform is not faster.
Results
Protein Expression and Purification. From published work concerning a muscle-specific myosin chaperone (47-52), we hypothesized that the expression of active human fast skeletal muscle myosin II S1 would require a muscle cell context that contained both known and unknown myosin folding cofactors. C 2 C 12 myoblasts are transformed murine muscle cell precursors that can be differentiated into muscle fiber-like myotubes with functional sarcomeres (53, 54) and endogenously express all of the murine fast skeletal muscle myosin isoforms except for MyHC-Extraocular (55, 56) . Taking cues from previous work with C 2 C 12 cells to study myosin folding (51, 52), we constructed shuttle plasmids encoding S1 of the six human skeletal muscle myosins fused to enhanced GFP (eGFP) with a C-terminal 6xHis tag (Fig. 1A) . The plasmids were used to produce replication-deficient adenoviruses, capable of infecting C 2 C 12 cells and inducing expression of the recombinant proteins. Differentiated C 2 C 12 myotubes infected with these adenoviruses exhibit bright eGFP fluorescence 72-h postinfection (Fig. 1B) .
A three-step strategy was optimized for the purification of the recombinant S1-eGFP-6xHis proteins using low-salt precipitation of endogenous C 2 C 12 myosin and both metal-affinity and ionexchange chromatography. The resulting bands from purified samples subjected to SDS-PAGE correspond with the predicted molecular weight of S1-eGFP-6xHis of ∼125 kDa, and the molecular weights of several murine Myosin Light Chain (MLC) isoforms (20-25 kDa) that copurify with the recombinant myosin (Fig. 1C ). MLCs were identified by mass spectrometry of purified MyHC-IId and MyHC-Perinatal samples (Table S1 ). These human adult-fast and developmental myosin isoforms copurify with a similar complement of MLCs, suggesting that the myosins overexpressed in this system may indiscriminately acquire endogenous C 2 C 12 MLCs. This should actually allow for better comparison of the biochemical differences among these myosins, as we can attribute any differences to MyHC composition. All myosins copurified with myosin light chains as confirmed by SDS-PAGE (Fig. 1C) , with the exception of MyHC-Embryonic and MyHC-Extraocular (Fig. S1 ).
F-Actin-Activated ATPase Assays. F-actin-activated ATPase assays were performed on all six human skeletal muscle myosin isoforms to determine their ATPase kinetics ( Fig. 2 ) with chicken skeletal muscle actin. The average derived maximal F-actin-activated ATPase rates (V max ) and Michaelis constants (K M ) for each isoform were averaged and tabulated along with the basal Mg 2þ ATPase activity (Table 1 ). The human skeletal muscle myosin isoforms display basal ATPase rates ≤0.1 s −1 , and are activated 400-to 1000-fold with the addition of 100 μM F-actin (Fig. 2) . We believe that the activation of the recombinant human fast skeletal myosin II isoforms is higher than previously published values because our assays were performed at physiological temperature (37°C) with improved stirring techniques (38, 57, 58) .
When the F-actin-activated ATPase saturation curves for all six of the human fast skeletal muscle myosin II isoforms are overlaid (Fig. 2) , they display a wide range of actin-activated ATPase profiles, and the derived maximal F-actin-activated ATPase rates show a range of values from 41 to 86 s −1 (Table 1) . MyHC-IIb displays the highest maximal actin-activated ATPase rate, and the rates for the adult-fast isoforms follow the order from fastest to slowest: MyHC-IIb > MyHC-IId > MyHC-IIa.
The developmental isoforms display ATPase turnover rates at the lower end of the spectrum of the six fast isoforms, but not significantly lower than adult-fast MyHC-IIa. MyHC-Embryonic has a V max of 41.2 AE 3.7 s −1 (compared to 52.8 AE 4.4 s −1 for MyHC-IIa), and MyHC-Perinatal displays a slightly higher ATPase profile than MyHC-Embryonic and MyHC-IIa, and has a V max of 59.7 AE 4.9 s −1 . MyHC-Extraocular has an ATPase saturation curve intermediate between the MyHC-IId and MyHC-IIa isoforms with a V max of 59.2 AE 5.7 s −1 .
The Michaelis constants calculated from the ATPase assays fitted to the Michaelis-Menten equation also show differences among the isoforms. The six human fast skeletal muscle myosin isoforms display a range of K M values (Table 1) , and interestingly, the isoforms with higher V max rates tend to have a lower K M . The three adult-fast isoforms show a relationship of V max of MyHC-IIb > MyHC-IId > MyHC-IIa while the relationship between K M is reversed with MyHC-IIa > MyHC-IId ≥ MyHC-IIb. The developmental isoforms and MyHC-Extraocular have K M values close to that of MyHC-IIa, as might be expected with their lower V max rates, if one assumes that actin-affinity is a primary determinant of myosin kinetics.
In Vitro Motility Assays. Motor activity of the recombinant myosin isoforms was measured using an in vitro motility assay. We used this assay to determine the maximal myosin-mediated motility velocities of fluorescent actin-filaments on a slide surface. All of the recombinant myosin isoforms were capable of directing motility of actin-filaments except for MyHC-Extraocular. The observed motility of actin-filaments in the in vitro assays was variably discontinuous, with actin-filaments undergoing periods of motion irregularly interrupted by stalls. This activity was dependent on the myosin isoform observed, which historically is not always the case in this type of assay. This result may be due to factors unique to skeletal myosin function, and better in vitro assays that address these factors need to be developed. The average maximal in vitro actin-filament velocities are reported (Table 1) .
Measured actin-filament velocities for all but one of the recombinant human skeletal muscle myosin isoforms parallel the maximal actin-activated ATPase activities (V max ) defined in the steady-state kinetic assays. For the adult-fast isoforms, MyHC-IId has a faster maximal filament velocity (1.4AE 0.2 μm∕s) than MyHC-IIa (1.1 AE 0.1 μm∕s), following their ATPase relationship. These velocity values are similar to those measured for the S1 forms of skeletal myosins previously reported (59), and our major conclusion is that we have indeed succeeded in expressing functional motor domains with normal motility. While further experiments are required to make detailed comparisons, these first results suggest that MyHC-IIb, which has the highest maximal ATPase activity of the isoforms in this study, exhibits much slower maximal motility (0.69 AE 0.08 μm∕s) than all but the developmental MyHC-Embryonic isoform, which has the lowest V max of the human skeletal muscle myosin isoforms as well as the slowest filament velocity (0.67AE 0.07 μm∕s). The maximal velocity of filaments driven by MyHC-Perinatal (1.1 AE 0.1 μm∕s) is similar to that of MyHCIIa, and correlates well with their maximal actin-activated ATPase activities. We did not detect motile filaments with MyHC-Extraocular, and believe this is due to the complete lack of light chains associated with the isoform. MyHC-Embryonic was also determined not to copurify with detectable associated light chains, but was capable of directing actin-filament motility, albeit at a slower velocity than would be expected from its V max . Historically, embryonic myosins fractionated from muscle sources do copurify with associated light chains (31), and we hypothesize that these myosins may only associate with specific myosin light chains not present in C 2 C 12 cells. It was shown previously that skeletal muscle myosin with no light chains had 10-fold reduced motility without significant effect on ATPase activity (60) , and this is an issue we are currently working to resolve.
Discussion
We have developed a skeletal muscle myosin overexpression system in a murine muscle tissue culture cell line, which produces active recombinant human skeletal muscle myosin II. We also determined some of the biochemical and biophysical characteristics of the six human fast skeletal muscle myosin isoforms. Our hypothesis was that the ATPase activities and motility velocities of purified individual isoforms would correlate with muscle fiber contractile velocities. Until now, much research had been done characterizing the contractile velocities of individual muscle fibers (3, 8, 10, 25) , and total myosin from single fibers (3, 26, 61, 62) . These experiments are difficult to interpret, though, as Averaged data from F-actin-activated ATPase assays with the recombinant S1-eGFP-6xHis proteins are plotted. Each data point is the average ATPase rate from assays performed in duplicate on at least three different preparations of protein (except MyHC-Perinatal where n ¼ 2) and is a reaction rate (s −1 ) calculated from the slope of a linear fit (r 2 > 0.95 in most cases) of product (nMol P i ) versus time (seconds) over the course of the assay, corrected for the basal Mg 2þ ATPase activity at 0 μM F-actin. The datasets for each preparation of an isoform across a range of 0-100 μM F-actin were fit to the Michaelis-Menten equation using KaleidaGraph. The Basal Mg 2þ ATPase rate, maximal F-actin-activated ATPase rate (V max ), associated constant of myosin for F-actin (K M ) derived from the fit of ATPase saturation curves (Fig. 2) to the Michaelis-Menten equation using KaleidaGraph, and the maximal in vitro velocity of actin-filaments directed by the recombinant myosins. ATPase associated values are quoted as the mean AE s:e:m: for assays run in duplicate for at least three separate protein preparations except for Perinatal-eGFP where n ¼ 2. single muscle fibers do not express solely one isoform. The system we developed overcomes that problem, in that we can purify the S1 fragment of a single isoform in quantities useful for biochemical and biophysical characterization. Our initial work with the six human isoforms measured their F-actin-activated ATPase kinetics. At the sequence level, the six human fast skeletal muscle myosins are quite similar, but when comparing the ATPase saturation curves for these isoforms, one observes a range of activities. The developmental MyHCEmbryonic and MyHC-Perinatal isoforms were thought to be slower isoforms due to lower in vitro motility velocity and ATPase activity of embryonic chicken myosin as compared to that from four month old chickens (31) . We show that indeed the developmental isoforms are among the slower of the human skeletal muscle myosin II isoforms in terms of V max but do not seem to have a reduced functionality, as their V max values are both very similar to that of MyHC-IIa, one of the major MyHCs expressed in adult human skeletal muscle. These results were not altogether unexpected, as motor domain mutations in both developmental isoforms cause severe developmental diseases (63) (64) (65) . They are also consistent with the presumed role of these myosins in the adaptation of neonatal muscles to demanding physiological functions including breathing (66) . MyHC-Perinatal displays a slightly higher ATPase profile than MyHC-Embryonic, which correlates well the increased enzymatic activity in the developing muscles of chickens and rats when MyHC-Perinatal replaces MyHC-Embryonic (32) .
The F-actin-activated ATPase assays also reveal that the three adult-fast isoforms display a range of maximal actin-activated ATPase rates that are close, but point to distinct physiological functions. These fall in the order MyHC-IIb > MyHC-IId > MyHc-IIa from fastest to slowest. This order is the same as that seen for the contractile velocities of fibers predominantly expressing these isoforms (1, 2, 25, 26, 62) . Previous studies have shown a 30% difference in ATPase activity (26) between human muscle fibers predominantly expressing MyHC-IIa and MyHC-IId and this correlates extremely well with our results. Rat muscle fibers, which unlike human fibers, do express MyHC-IIb, show a 6% difference in ATPase activity between MyHC-IIa and MyHCIId fibers, and 30% from MyHC-IId to MyHC-IIb fibers. This relationship is accompanied by a 7% and 35% difference in unloaded shortening velocity respectively (3). We observed a 31% difference in maximal actin-activated ATPase activity between human MyHC-IId and MyHC-IIb, which compares well, but overall, we see a higher range of differences between MyHCIIa and MyHC-IIb. This may be due to evolutionary differences between rats and humans brought about by the differential requirements for muscle function, as well as the loss of expression of MyHC-IIb in human skeletal muscle. Overall, the range of ATPase activities displayed by the three adult isoforms, and the differences among them, support the prevalent theory that these proteins are not redundant (11, 12) and likely have specialized roles and distinct functions in determining whole muscle fiber kinetics and contractile dynamics.
Finally, MyHC-Extraocular, which is only expressed in some specialized muscle fibers and usually in combination with other isoforms, has a V max close to that of the developmental and MyHC-IIa isoforms. The fact that extraocular myosin does not have light chains should not have an effect on ATPase activity based on experiments on skeletal muscle myosin (60) . Several studies have shown that fibers expressing MyHC-Extraocular exhibit isometric contraction twitch times twice as fast as those from conventional skeletal muscles (29, 67) . The unique requirements of extraocular muscles, which contract very rapidly, repetitively, and for prolonged periods against very low load to move the eye and laryngeal muscles may indicate a specialized role for this isoform. It is possible that MyHC-Extraocular is responsible for some of these unique properties, but its relatively low ATPase activity suggests that some other biochemical or biophysical component of the motor, or another component of these fibers, may be responsible for their fast contraction. The low tension output of MyHC-Extraocular fibers (67) may provide a clue as to what this is, and further biophysical studies on this protein may reveal differences in the properties of the swinging crossbridge and force output under different loads, which give these fibers rapid twitch contraction without the motor having elevated ATPase activity.
In addition to V max , one can also calculate a Michaelis constant from the fit of the actin-activated curves to the Michaelis-Menten equation. In the case of these assays, the K M value is not a true Michaelis constant or dissociation constant for substrate as it is with most enzymes because these assays vary the concentration of F-actin, which is not a true substrate in the reaction. This constant is typically called the 'associated constant of myosin for actin' and represents the concentration of F-actin required for half-maximal activation of myosin at saturating ATP. It is considered to be indicative of the association constant of myosin for actin (K A ), thus, the higher the K M , the weaker the interaction between myosin and actin, and vice versa.
The human skeletal muscle myosins show an interesting relationship between V max and K M . For the adult-fast isoforms, the decrease in V max from MyHC-IIb → MyHC-IId → MyHC-IIa is loosely correlated with an increase in K M . The developmental MyHC-Embryonic and MyHC-Perinatal isoforms, as well as MyHC-Extraocular all have V max rates at the lower end of the spectrum, similar to MyHC-IIa, and all have relatively high K M value. These data point to the role that the actin-myosin interaction may play in regulating ATPase kinetics for these isoforms, and we hypothesize the modulation of actin-affinity is a possible mechanism for kinetic tuning of the human fast skeletal muscle myosins.
As a secondary measure of the functionality of the myosins produced using the unique overexpression system, we completed an analysis of a biophysical component of myosin II using an in vitro motility assay. Importantly, this assay shows that the myosin produced using our expression system is capable of moving actinfilaments at rates expected from earlier studies, which demonstrates motor functionality. These early results also suggest differences among the isoforms at a biophysical level in an assay that is suggested to be a corollary to unloaded shortening velocity. Previous studies have shown a 41-77% difference in maximum shortening velocity between human muscle fibers predominantly expressing MyHC-IIa and MyHC-IId depending on the fiber source (25) . MyHC-IId has a 29% higher maximal motility velocity that MyHC-IIa, following their ATPase and fiber contractile relationship, and the developmental MyHC-Perinatal, with a similar V max as MyHC-IIa, has a very similar maximal motility velocity. MyHC-Embryonic on the other hand, has the slowest motility of the isoforms with about a twofold lower maximal motility velocity than MyHC-IIa, MyHC-IId, and MyHC-Perinatal, which seems to be disconnected from any major reduction in V max compared to MyHC-IIa and MyHC-Perinatal. This twofold reduction in motility compares well though with a twofold reduction in filament velocity observed in myosin purified from embryonic chickens compared to that of 12-d posthatch chickens (31) , but it must be noted that MyHC-Embryonic does not copurify with detectable myosin light chains, which can significantly affect motility (60) . This result will be further investigated in future studies.
MyHC-IIb, the 'fastest' of the isoforms at a biochemical level, unexpectedly has very low motility activity. This is not a problem of lack of association of light chains; this isoform shows similar amounts of copurifying light chains as the other isoforms (Fig. 1C) , which have higher motility activity. Functionally, at a biochemical level, it seems the human isoform has not lost any activity, and this compares well to mouse muscle fiber contractile data showing that MyHC-IIb expressing fibers have the fastest contractile velocity of the adult-fast isoforms. Humans though, do not express MyHC-IIb normally, and it is possible that accumulated mutations, which have no physiological effect on human muscle due to the isoform not being expressed, have reduced the motility function of this isoform without affecting its ATPase activity.
Unfortunately, we were not able to measure motility for MyHC-Extraocular, and we observed that MyHC-Extraocular does not copurify with any light chains. This suggests that muscle fibers expressing MyHC-Extraocular may express unique light chains that associate with the neck regions of MyHC-Extraocular better than those endogenously expressed in the murine C 2 C 12 cell line, and confer biophysical functionality to this unique myosin. Associated myosin light chains have been shown to be required for motility and full force production of myosins (60, 68) , and we believe that the lack of motility displayed by MyHC-Extraocular is not due to a functional problem with the motor, as it has quite high actin-activated ATPase activity, but due to a yet unresolved lack of associated light chains.
The motor domains of the human fast skeletal muscle myosin II isoforms are highly conserved but show divergent motor functionality. A closer analysis of sequence variation among the isoforms reveals factors that may determine the kinetic properties of these isoforms and regulate the differences among them. The loop regions connecting the three major domains of the myosin motor show a higher divergence of amino acid sequence among the striated muscle myosin isoforms than the rest of the molecule (7), and previous studies on the regulation of myosin II motor kinetics have shown that the loops are an important determinant in the 'tuning' of a myosin II motor (for review, see (69)). Their proximity to the nucleotide-and actin-binding sites of myosin also implies that their sequence may have the ability to affect binding constants for ATP, ADP, and F-actin. The roles played by the loops in regulating Dictyostelium myosin have been well characterized, but when the Dictyostelium data are compared to those from smooth muscle myosin, scallop myosins, and mammalian cardiac myosins, it becomes evident that the regulation of myosin kinetics by the loops can have variable roles depending on the myosin type. Future analysis of the affinity of the six human fast skeletal muscle myosin II myosin isoforms for F-actin as well as pre-steady-state kinetic studies should reveal more information about the functional differences among the isoforms. Studies on the modulation of these parameters by loop length and sequence, as well as studies on disease-causing mutations in the human skeletal myosins, will also help us to learn more about how the myosin motor works.
Materials and Methods
Adenovirus Production. For expression of recombinant human skeletal myosin II-eGFP chimeras, NotI and XbaI restriction sites and a C-terminal 6xHistidine tag were added to the gene encoding eGFP (Clonetech) using PCR amplification. The product was ligated into pShuttle-CMV (Qbiogene) downstream of the cytomegalovirus (CMV) promoter. Subfragment-1 (conserved residues Met1-Pro840 corresponding to the chicken skeletal myosin sequence) of the six human skeletal muscle myosin II isoforms had SalI and NotI restriction sites added by PCR amplification, and these products were individually ligated upstream of eGFP-6xHis. Replication-deficient recombinant adenoviruses were produced, amplified, and purified with these plasmids using the pAdEasy kit (Qbiogene) with modifications (70).
Cell Culture and Protein Expression. Murine C 2 C 12 myoblasts (American Type Tissue Collection) were cultured in Dulbecco's Modified Eagle Media (DMEM) (Gibco) supplemented 1.5 g∕L sodium bicarbonate (Sigma-Aldrich) and 20% FBS (Hyclone). Cells were grown to ∼100% confluence and the medium was replaced with differentiation medium (DMEM supplemented with 1.5 g∕L sodium bicarbonate and 2% horse serum (Gibco-BRL)). 48 h postdifferentiation into myotubes, cells were infected with 1 × 10 6 -1 × 10 8 plaque forming units of adenovirus per 100 mm plate. 48-hours postinfection the medium was switched back to growth medium, and the cells were incubated for 3-5 more days before harvesting.
Protein Purification. Myosin: The cell monolayer was washed once with cold PBS, and was collected in 250 μL of lysis buffer [50 mM Tris-HCl pH 7.0, 20 mM Imidazole, 100 mM NaCl, 0.5% Tween-20, 1 mM DTT, and 1x protease inhibitor cocktail (Roche)] per plate using a cell scraper. The cells were lysed in a dounce homogenizer and cleared twice by centrifugation at 50; 000 × g for 15 min. The cleared lysate was brought to 0.5 M NaCl and fractionated on an AKTApurifier (Amersham) with a 1 mL HisTrap HP nickel-sepharose column (Amersham) using a step-imidazole gradient. The elution peak fractions were pooled and dialyzed overnight at 4°C into a low-salt buffer [25 mM imidazole pH 7.0, 10 mM KCl, 4 mM MgCl 2 , 1 mM DTT]. The recombinant myosin was then purified on a 1 mL HiTrap Q HP sepharose anion-exchange column (Amersham) using a linear NaCl gradient from 0 to 1 M. The peak elution fractions were dialyzed overnight into an assay-appropriate buffer, and concentration was determined by the absorbance of eGFP at its excitation peak of 488 nm, assuming an extinction coefficient of 61; 000 cm −1 M −1 . Actin: F-Actin was prepared from fresh chicken breast muscle as previously described (71) . For in vitro motility assays, F-actin was incubated overnight with a 2-fold molar excess of TRITC phalloidin (Sigma).
F-Actin-Activated ATPase Assays. F-actin-activated myosin ATPase assays were performed as previously described (72) with some modifications. S1-eGFP6xHis was diluted to a final concentration of 5 μg∕mL (25 μg∕mL in the 0 μM F-actin basal ATPase control to amplify signal) with varying concentrations of F-actin (0-100 μM) and saturating Na 2 ATP (3 mM). The reactions were performed in a low-salt buffer (4 mM imidazole pH 7.0, 10 mM KCl, 4 mM MgCl 2 , 1 mM NaN 3 , 1 mM DTT) at 37°C in a Reacti-Therm heated stirring module (Pierce). Assays were allowed to equilibrate to temperature, and started with the addition of Na 2 ATP. Aliquots were taken at four time points and quenched with an equal volume of stop solution (60 mM EDTA, pH 6.5, 6.6% SDS). Appropriate time courses were determined for each isoform to establish conditions that would be within detection limits and would not significantly alter substrate or product concentration. Inorganic phosphate was quantified at each time point using established methods (72) . These data were plotted versus time to determine a rate for the reaction, and rates were plotted versus [F-Actin] using KaleidaGraph v4.0 (Synergy Software) to generate a saturation curve, which was fitted to the Michaelis-Menten equation to determine maximal actin-activate ATPase rate (V max ) and the associated constant of myosin for actin or Michaelis constant (K M ). These assays were run in duplicate at each F-actin concentration, and performed on at least three individual preparations of each isoform. Statistics were run using KaleidaGraph, differences were considered significant with a p-value <0.05 with a one-way ANOVA with a Student-Newman-Keuls post hoc test.
In Vitro Motility Assays. The myosin-dependent motility of actin-filaments was measured using a standard in vitro motility assay at 24°C (73) , which was modified as follows. Prior to the addition of myosin to the flow cell, the nitrocellulose-coated cover slip was incubated with an antiGFP antibody (3E6, Invitrogen), then blocked with bovine serum albumin. Images were obtained at 0.1 sec ∕frame using an iXon camera (Andor), and velocities were determined by collecting displacements at 0.3-2 sec intervals using ImageJ (National Institutes of Health). At least 50 filaments were examined from two independent preparations for each recombinant myosin isoform. Motility could sometimes be improved by pretreating the myosin sample with an incubation with F-actin (400 mM) and ATP (10 mM) followed by centrifugation @ 400 K × g for 15 min to remove inactive myosin motors. Greater than 300 intervals were collected for each myosin isoform and the calculated filament velocities had a wide distribution. Discontinuous filament motion results in lower velocities being overrepresented in the pool of observations; therefore, the velocities of the fastest 15% of the pool were averaged to determine the maximal filament velocity for each isoform.
